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Abstract
In this work we study the current bounds from the CEνNS process and meson invisible decays on generic
neutrino interactions with sterile neutrinos in effective field theories. The interactions between quarks and
left-handed SM neutrinos and/or right-handed neutrinos are first described by the low-energy effective field
theory (LNEFT) between the electroweak scale and the chiral symmetry breaking scale. We complete
the independent operator basis for the LNEFT up to dimension-6 by including both the lepton-number-
conserving (LNC) and lepton-number-violating (LNV) operators involving right-handed neutrinos. We
translate the bounds on the LNEFT Wilson coefficients from the COHERENT observation and calculate the
branching fractions of light meson invisible decays. The bounds on LNEFT are then mapped onto the SM
effective field theory with sterile neutrinos (SMNEFT) to constrain new physics above the electroweak scale.
We find that the meson invisible decays can provide the only sensitive probe for τ neutrino flavor component
and s quark component in the quark-neutrino interactions involving two (one) active neutrinos and for the
effective operators without any active neutrino fields. The CEνNS process places the most stringent bound
on all other Wilson coefficients. By assuming one dominant Wilson coefficient at a time in SMNEFT and
negligible sterile neutrino mass, the most stringent limits on the new physics scale are 2.7 − 10 TeV from
corresponding dipole operator in LNEFT and 0.5− 1.5 TeV from neutrino-quark operator in LNEFT.
∗ litong@nankai.edu.cn
† maxid@phys.ntu.edu.tw
‡ m.schmidt@unsw.edu.au
1
ar
X
iv
:2
00
5.
01
54
3v
1 
 [h
ep
-p
h]
  4
 M
ay
 20
20
I. INTRODUCTION
The coherent elastic neutrino-nucleus scattering (CEνNS) process has been observed by the
COHERENT experiment at the 6.7σ level [1]. The Standard Model (SM) predicts the CEνNS
process through the Z boson exchange [2] and the observation is consistent with the SM at the
1σ level. In the COHERENT experiment, the spallation neutron source produces prompt νµ and
delayed ν¯µ, νe which reach the low-background CsI detector. Besides the active neutrinos through
the weak neutral current in the SM, any neutrino flavors including light right-handed (RH) neu-
trinos1 can be produced in the final state of the CEνNS process. The COHERENT observation
thus provides us an opportunity to explore the new physics (NP) associated with generic neutrino
interactions in the presence of light RH neutrinos.
CEνNS occurs when the transferred momentum during the neutrino scattering off a nucleus
is smaller than the inverse of the nuclear radius. Thus, the relevant neutral currents can be well
described by an effective field theory (EFT) below the electroweak (EW) scale. The low-energy ef-
fective field theory (LEFT) is an EFT defined below the electroweak scale ΛEW ∼ 102 GeV. In the
LEFT, the dynamical degrees of freedom are the SM charged and neutral leptons and light quarks
excluding the heavy top quark. They respect the unbroken gauge symmetries SU(3)c×U(1)em af-
ter integrating out the Higgs boson h, weak gauge bosons W,Z and the top quark t in the SM. The
basis of LEFT operators up to dimension-6 (dim-6) has been written down in Ref. [3]. If the LEFT
is extended by RH neutrinos N , the corresponding effective field theory is named as LNEFT. An
independent subset of lepton-number-conserving (LNC) operators with RH neutrinos N at dim-6
in LNEFT was given in Ref. [4]. In this paper we construct the additional lepton-number-violating
(LNV) operators up to dim-6 involving N which may or may not break the baryon number. To-
gether with those in Refs. [3, 4], they make up the complete and independent operator basis for
the LNEFT up to dim-6. Moreover, to connect to NP above the electroweak scale, we match
the LNEFT to the SM effective field theory extended by RH neutrinos N (SMNEFT) at the elec-
troweak scale [5–8]. The SMNEFT respects the SM gauge group SU(3)c× SU(2)L×U(1)Y and
describes the physics above the electroweak scale up to the NP scale. In this paper we revise the
SMNEFT operator basis involving N in Ref. [8] by changing some notations.
Recently, Refs. [9–14] considered the bound from the CEνNS on the LNC operators in LNEFT
and SMNEFT. With the complete basis of LNEFT and SMNEFT, however, we can perform a com-
prehensive study of the constraints on both the LNC and LNV cases and investigate the implication
for NP above the electroweak scale.
Besides the CEνNS process, invisible decays of light mesons can give additional information
for the nature of neutrinos. In the SM, the decay rates of pi0, η, η′ → νν¯ are helicity suppressed
and those of light vector mesons (φ and ω) are also extremely small. Thus, the observation of any
of these meson invisible decays would clearly indicate the existence of NP [15–18]. Moreover,
they can provide the only sensitive probe for some flavor components in the quark-neutrino in-
1 RH neutrinos refer to sterile neutrinos which do not carry any SM gauge charges.
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teractions [19] and for the effective operators without any active neutrino fields. In this work we
study the correlation and complementarity of the CEνNS process and meson invisible decay for
the bound on generic neutrino interactions with RH neutrinos in the frameworks of LNEFT and
SMNEFT.
The paper is outlined as follows. In Sec. II, we describe the generic neutrino-photon/quark
operators in the LNEFT basis. The LNEFT operators are then matched to the SMNEFT. We derive
the general constraints on LNEFT Wilson coefficients (WCs) in both LNC and LNV cases from
the CEνNS process in Sec. III. In Sec. IV, we give the analytical expressions for the invisible decay
branching fractions of light mesons. Sec. V shows our numerical results and the lower bounds on
the NP scales in the SMNEFT. Our conclusions are drawn in Sec. VI. Some calculational details
are collected in the Appendixes.
II. GENERIC NEUTRINO INTERACTIONS WITH RH NEUTRINOS
The main focus of this work is on low-energy processes CEνNS and light meson invisible
decays. Thus, we will start from the framework of LNEFT. The LNEFT is defined below the elec-
troweak scale ΛEW and its dynamical degrees of freedom include the SM light particles excluding
h,W,Z, t and an arbitrary number of RH neutrinos N . The power counting of LNEFT is deter-
mined by both the NP scale ΛNP and the electroweak scale ΛEW. The LNEFT consists of dim-3
fermion mass terms, dim-4 kinetic terms and higher dimensional operators O(d)i,L(d ≥ 5) (dim-d)
built out of those light fields and satisfies the SU(3)c × U(1)em gauge symmetry. The LNEFT
Lagrangian is
LLNEFT = Ld≤4 +
∑
i
∑
d≥5
C
(d)
i,LO(d)i,L , (1)
where C(d)i,L is the Wilson coefficient of operatorO(d)i,L. Generally, the Wilson coefficient C(d)i,L scales
as Λn+4−dEW /Λ
n
NP with integer n ≥ 0. In Appendix A we construct the complete and independent
operator basis involving RH neutrinos N up to dim-6 in the LNEFT for the study of generic
neutrino interactions.
We assume the LNEFT is a low-energy version of the SMNEFT which is defined above the
electroweak scale. In the SMNEFT, the renormalizable SM Lagrangian is extended by the RH
neutrino sector and a tower of higher dimensional effective operators O(d)i with increasing canon-
ical dimension d ≥ 5. The importance of these operators is measured by the Wilson coefficients
C
(d)
i with decreasing relevance
LSMNEFT = LSM+N +
∑
i
∑
d≥5
C
(d)
i O(d)i , (2)
where LSM+N is the renormalizable SM Lagrangian extended by RH neutrinos N . Generally, each
Wilson coefficient C(d)i is associated with a NP scale ΛNP = (C
(d)
i )
1/(4−d). For a given NP model,
it can be precisely expressed as the function of the parameters in the NP model through matching
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and renormalization group running procedures. In Appendix B we collect the relevant SMNEFT
operators used in our analysis for the generic neutrino interactions.
A. Generic neutrino operators in LNEFT basis
The generic neutrino operators entering the framework of LNEFT respect SU(3)c×U(1)em
gauge symmetry and are constructed by a neutrino bilinear coupled to the photon field strength
tensor or SM quark bilinear currents.2 In the basis of LNEFT for neutrinos, the dim-5 neutrino-
photon and dim-6 neutrino-quark operators with lepton number conservation (LNC, |∆L| = 0)
are given by [3]
OνNF = (νσµνN)F µν + h.c. , (3)
OVqν1 = (qLγµqL)(νγµν) , OVqν2 = (qRγµqR)(νγµν) , (4)
OVqN1 = (qLγµqL)(NγµN) , OVqN2 = (qRγµqR)(NγµN) , (5)
OSqνN1 = (qLqR)(νN) + h.c. , OSqνN2 = (qRqL)(νN) + h.c. , (6)
OTqνN = (qLσµνqR)(νσµνN) + h.c. , (7)
where Fµν is the electromagnetic field strength tensor, q can be either up-type quarks ui or down-
type quarks di, νi are active left-handed neutrinos, and Ni are RH neutrinos. The quark fields and
the RH neutrino fields are in the mass basis, while the LH neutrino fields are in the flavor basis.
Both νi and Ni carry lepton number L(νi) = L(Ni) = +1. The flavors of the two quarks and
those of the two neutrinos in the above operators can be different although we do not specify their
flavor indexes here. For the notation of the Wilson coefficients, we use the same subscripts as the
operators, for instance CV,prαβqν1 together withOV,prαβqν1 , where p, r denote the quark flavors and α, β
are the neutrino flavors. We demand the vector operators to be hermitian, i.e. CV,prαβX = C
V,rpβα∗
X
with X = qν1, qν2, qN1, qN2, to ignore the h.c. in Eqs. (4) and (5).
The relevant dim-5 and dim-6 operators which induce lepton number violation (LNV, |∆L| =
2) are
OννF = (νCσµνν)F µν + h.c. , ONNF = (NCσµνN)F µν + h.c. , (8)
OVqνN1 = (qLγµqL)(νCγµN) + h.c. , OVqνN2 = (qRγµqR)(νCγµN) + h.c. , (9)
OSqν1 = (qRqL)(νCν) + h.c. , OSqν2 = (qLqR)(νCν) + h.c. , (10)
OSqN1 = (qRqL)(NCN) + h.c. , OSqN2 = (qLqR)(NCN) + h.c. , (11)
OTqν = (qRσµνqL)(νCσµνν) + h.c. , OTqN = (qLσµνqR)(NCσµνN) + h.c. . (12)
Note that the Wilson coefficients of the scalar operators are symmetric in the neutrino indices
and the dipole and tensor operators are antisymmetric in the neutrino indices. Thus in particular
2 The operators involving charged leptons are not related to the processes of interest and thus we do not consider
them here.
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the operators with the tensor neutrino current νCα σ
µννβ or NCα σ
µνNβ vanish for identical neutrino
flavors (α = β).
LNEFT is a valid description between the electroweak scale ΛEW = mW and chiral symmetry
breaking scale Λχ ' 1 GeV for the low-energy neutrino-quark interactions. There are large
logarithms produced by the ratio of the two scales in the perturbative expansion which can be
resummed by solving the relevant renormalization group equations. In our case, the leading order
contribution comes from the one-loop QCD and QED corrections. The vector (and axial-vector)
current operators are not renormalized at one-loop level because of the QED and QCD Ward
identities. However, the scalar and tensor current operators are renormalized and their one-loop
renormalization group equations for the corresponding Wilson coefficients are [20]
µ
d
dµ
CSq = −
(αs
2pi
3CF +
α
2pi
3Q2q
)
CSq , C
S
q ∈ {CSqν N1, CSqν N2, CSqν1, CSqν2, CSqN1, CSqN1} ,
µ
d
dµ
CTq =
(αs
2pi
CF +
α
2pi
Q2q
)
CTq , C
T
q ∈ {CTqνN , CTqν , CTqN} , (13)
where CF = (N2c − 1)/2Nc = 4/3 with Nc = 3 is the second Casimir invariant of the color group
SU(3)c,Qq is the electric charge of quark field q in the corresponding operator in unit of positron’s
charge e, and α = e2/(4pi)(αs = g2s/(4pi)) is the (strong) fine structure constant. The solutions
for the above equations are straightforward and are given by
CSq (µ1) =
(
αs(µ2)
αs(µ1)
)3CF /b(α(µ2)
α(µ1)
)3Q2q/be
CSq (µ2) ,
CTq (µ1) =
(
αs(µ2)
αs(µ1)
)−CF /b(α(µ2)
α(µ1)
)−Q2q/be
CTq (µ2) , (14)
between two scales µ1 and µ2. Here b = −11 + 2/3nf with nf being the number of active quark
flavors between scales µ1 and µ2, and be =
∑
i
4
3
(Nc)iQ
2
i = 4(3n` + 4nu +nd)/9 with n`,u,d being
the active number of leptons/up-type quarks/down-type quarks between the two scales. If we take
the scale µ1 (µ2) to be Λχ (ΛEW), after including quark and lepton threshold effects, the numerical
results are
CSu (Λχ) = 1.67C
S
u (ΛEW) , C
S
d (Λχ) = 1.66C
S
d (ΛEW) ,
CTu (Λχ) = 0.85C
T
u (ΛEW) , C
T
d (Λχ) = 0.84C
T
d (ΛEW) . (15)
Compared to the pure QCD running effect in [21], we find the QED correction is almost negligible.
We can see the scalar-type operators are enhanced while the tensor-type operators are suppressed
when evolving from the high scale ΛEW down to the low scale Λχ.
For the neutrino dipole operators, the renormalization group evolution is
µ
d
dµ
CαβiF =
α
2pi
be
2
CiF − eNc
2pi2
∑
r
QqrmqrC
T,rrαβ
qi θ(µ−mqr) , (16)
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where CiF ∈ {CνNF , CννF , CNNF} and CTqi ∈ {CTqνN , CTqν , CTqN} and θ is the Heaviside theta
function. It includes the one-loop QED running of CiF [20] which is the first term on the right-
hand side of Eq. (16). Note that, at one-loop order, the renormalization group evolution of the
Wilson coefficients of the tensor operators OTqνN , OTqν and OTqN induces a mixing into the dim-5
dipole operators OνNF , OννF and ONNF , that is the last term of Eq. (16)3. The solution is
CiF (Λχ) = 1.03 CiF (ΛEW) + 3.0× 10−4 GeVCTui(ΛEW)− 3.2× 10−4 GeVCTdi(ΛEW)
− 6.4× 10−3 GeVCTsi(ΛEW) + 0.16 GeVCTci(ΛEW)− 0.18 GeVCTbi(ΛEW) . (17)
We will numerically include the effect of the above renormalization group corrections when run-
ning up to the electroweak scale below. Due to the suppression by the light quark mass, the
constraint on the tensor operators through the above mixing effect would be rather weak and thus
we will not consider it in the following analysis. Note that, however, it can lead to a constraint on
the WCs with heavy quark flavors which is beyond the scope of this work.
B. Matching to the SMNEFT
SMNEFT describes NP which enters at a sufficiently high scale above the electroweak scale.
See Appendix B for a complete list of SMNEFT operators involving RH neutrinos N up to dim-7
and the relevant dim-6 and dim-7 operators without N . LNEFT should be matched to SMNEFT
at the electroweak scale µ = mW in order to constrain NP. We list the relevant tree-level matching
conditions for the LNC and LNV cases in Table I. Here v = (
√
2GF )
−1/2 ' 246 GeV is the SM
Higgs vacuum expectation value (vev), and D is the unitary matrix transforming left-handed up-
type quarks between flavor u′L and mass eigenstate uL, i.e. u
′
L = D
†uL. Under a chosen flavor
basis, the flavor and mass eigenstates are identical for the left-handed down-type quarks and RH
u, d quarks, and D is then the usual CKM matrix.
Note that SMNEFT operators modify the Z boson couplings from their SM values [Zf ]pr =
δpr(T3 −Qs2W ) and the modified couplings are given by [3]
[Zν ]pr =
1
2
δpr − v
2
2
(
C
(1),pr
Hl − C(3),prHl
)
, [ZN ]pr = −v
2
2
CprHN ,
[ZeL ]pr =
(
− 1
2
+ s2W
)
δpr − v
2
2
(
C
(1),pr
Hl + C
(3),pr
Hl
)
, [ZeR ]pr = s
2
W δpr −
v2
2
CprHe ,
[ZuL ]pr =
(1
2
− 2
3
s2W
)
δpr − v
2
2
(
C
(1),pr
Hq − C(3),prHq
)
, [ZuR ]pr = −
2
3
s2W δpr −
v2
2
CprHu ,
[ZdL ]pr =
(
− 1
2
+
1
3
s2W
)
δpr − v
2
2
(
C
(1),pr
Hq + C
(3),pr
Hq
)
, [ZdR ]pr =
1
3
s2W δpr −
v2
2
CprHd ,
[ZνN ]pr =
v3
4
√
2
(
CrpNL1 + 2C
rp
NL2
)
, (18)
3 The dipole running also receives a similar contribution from the LNV tensor neutrino-charged lepton operators
without the color factor Nc.
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Class Matching of the Wilson coefficients at the electroweak scale ΛEW
LNC CV,prαβuν1 = DpxD
∗
ry
(
C
(1),αβxy
lq + C
(3),αβxy
lq
)− g¯2Z
M2Z
[ZuL ]pr[Zν ]αβ C
V,prαβ
uν2 = C
αβpr
lu −
g¯2Z
M2Z
[ZuR ]pr[Zν ]αβ
νν case CV,prαβdν1 = C
(1),αβpr
lq − C(3),αβprlq −
g¯2Z
M2Z
[ZdL ]pr[Zν ]αβ C
V,prαβ
dν2 = C
αβpr
ld −
g¯2Z
M2Z
[ZdR ]pr[Zν ]αβ
LNC CV,prαβuN1 = DpxD
∗
ryC
xyαβ
QN −
g¯2Z
M2Z
[ZuL ]pr[ZN ]αβ C
V,prαβ
uN2 = C
prαβ
uN −
g¯2Z
M2Z
[ZuR ]pr[ZN ]αβ
NN case CV,prαβdN1 = C
prαβ
QN −
g¯2Z
M2Z
[ZdL ]pr[ZN ]αβ C
V,prαβ
dN2 = C
prαβ
dN −
g¯2Z
M2Z
[ZdR ]pr[ZN ]αβ
CαβνNF = +
v√
2
e
(
CαβNB + C
αβ
NW
)
LNC CS,prαβuνN1 = 0 C
S,prαβ
uνN2 = +D
∗
rxC
xpβα∗
QuNL
νN case CS,prαβdνN1 = +C
αβpr
LNQd − 12CαrpβLdQN CS,prαβdνN2 = 0
CT,prαβuνN = 0 C
T,prαβ
dνN = −18CαrpβLdQN
CαβννF = +
1
4v
2e
(
2CαβLHB + C
βα
LHW − CαβLHW
)
LNV CS,prαβuν1 = 0 C
S,prαβ
uν2 = +
v
2
√
2
Dpx
(
Cxrαβ
Q¯uLLH
+ Cxrβα
Q¯uLLH
)
νν case CS,prαβdν1 = − v4√2
(
Cpαrβ
d¯LQLH1
+ Cpβrα
d¯LQLH1
)
CS,prαβdν2 = 0
CT,prαβuν = 0 C
T,prαβ
dν = +
v
16
√
2
(
Cpαrβ
d¯LQLH1
− Cpβrα
d¯LQLH1
)
CαβNNF = +
1
2v
2e
(
CαβNHB − CαβNHW
)
LNV CS,prαβuN1 = − v4√2Dpx
(
CxαβrQNuH + C
xβαr
QNuH
)
CS,prαβuN2 = +
v√
2
D∗rxC
pxαβ
uQNH
NN case CS,prαβdN1 = − v4√2
(
CpαβrQNdH + C
pβαr
QNdH
)
CS,prαβdN2 = +
v√
2
CprαβdQNH
CT,prαβuN = +
v
16
√
2
Dpx
(
CxαβrQNuH − CxβαrQNuH
)
CT,prαβdN = +
v
16
√
2
(
CpαβrQNdH − CpβαrQNdH
)
LNV CV,prαβuνN1 = − v√2DpxD∗ryC
xyβα
QNLH1 −
g¯2Z
M2Z
[ZuL ]pr[ZνN ]αβ C
V,prαβ
uνN2 = − v√2C
prβα
uNLH −
g¯2Z
M2Z
[ZuR ]pr[ZνN ]αβ
νN case CV,prαβdνN1 = − v√2
(
CprβαQNLH1 − CprβαQNLH2
)− g¯2Z
M2Z
[ZdL ]pr[ZνN ]αβ C
V,prαβ
dνN2 = − v√2C
prβα
dNLH −
g¯2Z
M2Z
[ZdR ]pr[ZνN ]αβ
TABLE I. The matching result of the LNEFT and SMNEFT at the electroweak scale ΛEW. The correspond-
ing operators associated with the above SMNEFT Wilson coefficients are collected in Appendix B. Note
that in LNC νν case, the notation of the Warsaw basis [5] is adopted.
where [ZN ]pr is the modified neutral current coupling to the RH neutrinos defined via LZ ⊃
−g¯Z [ZN ]prN¯p /ZNr and [ZνN ]pr is the modified neutral current coupling to the LNV current νCγµN
defined viaLZ ⊃ −g¯Z [ZνN ]prνCp /ZNr+h.c.. For simplicity, we do not consider the couplings [ZN ]
and [ZνN ] modified by CHN , CNL1 and CNL2 below. One has g¯Z = esW cW with sW (cW ) being the
sine (cosine) of the Weinberg angle as we neglect the contributions from SMEFT operators in the
Higgs sector. In the following discussion we also do not consider contributions from the operators
C
(1)
Hl ,C
(3)
Hl ,C
(1)
Hq,C
(3)
Hq,CHe andCHq, since they are strongly constrained from electroweak precision
measurements.
As only the quark-flavor diagonal u, d or s quark bilinears contribute to the CEνNS process
and the light unflavored meson invisible decays, we will simplify the notation for the LNEFT
operators and the corresponding Wilson coefficients by dropping the superscripts for the quark
fields and taking the subscript q to be either u, or d, or s to indicate the specific quark flavor. For
instance, OVuν1 = (uLγµuL)(νγµν) and the corresponding Wilson coefficient is CVuν1 for q = u.
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III. NEUTRINO-NUCLEUS COHERENT SCATTERING
In the COHERENT experiment, the Spallation Neutron Source produces νµ, ν¯µ and νe from the
decay of stopped pi+ and µ+. Each neutrino flavor reaches the CsI[Na] detector and contributes
to the neutrino flux. The expected number of CEνNS events depends on the neutrino flux and
the CEνNS differential cross section dσ/dT with T being the recoil energy of the nucleus. The
differential cross section for
(−)
ν N → XN coherent scattering, where X ∈ {ν, ν¯, N, N¯} denotes a
neutrino, is at leading order given by [13, 22]
dσ
dT
=
G2FM
4pi
[
ξ2S
T
Tmax
+ ξ2V
(
1− T
Tmax
)
+ ξ2T
(
1− T
2Tmax
)
+ e2A2M
( 1
MT
− 1
MEν
)]
, (19)
where M is the nucleus mass, Eν is the energy of the incoming neutrino and the maximal value of
recoil energy T is Tmax =
2E2ν
M+2Eν
' 2E2ν
M
. This cross section formula holds for negligible neutrino
mass in final states, and thus applies for RH neutrino masses mN . 0.5 MeV (see e.g. Ref. [13])
irrespective of the mixing between LH and RH neutrinos. The interference terms are suppressed
by T/Eν [13] and are thus not included here.
The ξS, ξV , ξT and AM constants in Eq. (19) define the effective parameters describing the
neutrino-nucleus interactions for scalar, vector, tensor and dipole currents, respectively. They
depend on the Wilson coefficients of relevant currents, the number of protons Z (and neutrons
N) in the nucleus, the quantities connecting the quark-level matrix elements and the nucleon-level
ones, and the nuclear form factor Fp for protons (and Fn for neutrons). By assuming that one single
parameter is present at nuclear level at a time, the constraints on these effective parameters were
studied through fitting the COHERENT data. The 90% CL bounds for the ξS and ξT parameters
are [10] ∣∣∣∣ ξSNF (Q2)
∣∣∣∣ < 0.62 , ∣∣∣∣ ξTNF (Q2)
∣∣∣∣ < 0.591 , (20)
where F (Q2) is the Helm form factor with Q being the transferred energy. The 90% CL bound on
the dipole operators is given by [13]
AM = aMvZFp(Q2) ,
1
2
a2M . 7.2× 10−8 , (21)
where the factor of 1/2 accounts for the missing projection operator in the cross section calculation
in Ref. [13]. The scalar, tensor and dipole operators have no interference with the SM neutral
current and the above bounds apply to both LNC and LNV cases.
For the vector currents the situation is more complicated and we have to distinguish between
LNC and LNV operators. As listed in Table I, there is a SM contribution to the LNC vector
operators with same-flavor quarks and same-flavor active neutrinos
CV,prαβqν1(2),SM = −
g¯2Z
2M2Z
(T3 −Qqs2W )δprδαβ (22)
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in terms of isospin T3 and electric charge Qq. Thus, the interference with the SM has to be taken
into account for the NP part of these operators. There is no interference with the SM for the other
vector operators. We thus discuss the constraints separately in the following subsections based
on the recent studies of the COHERENT experiment for non-standard interactions (NSIs)4 [23]
and sterile neutrinos [13]. Both of these studies provide constraints on the quark-level Wilson
coefficients. Next we derive the matrix elements of scattering processes in terms of the LNEFT
operators and translate the above bounds to the constraints on the LNEFT Wilson coefficients.
A. LNC case
The relevant Lagrangian for neutrino-nucleus scattering in the LNC case is given by
LLNC ⊃
∑
ρ,σ
q=u,d,s
[
1
2
CV,ρσqν1 (qLγµqL)(νργ
µνσ) +
1
2
CV,ρσqν2 (qRγµqR)(νργ
µνσ) + C
S,ρσ
qνN1(qLqR)(νρNσ)
+CS,ρσqνN2(qRqL)(νρNσ) + C
T,ρσ
qνN (qLσ
µνqR)(νρσµνNσ) + C
ρσ
νNF ν¯ρσµνNσF
µν
]
+ h.c. ,(23)
where ρ, σ sum over the flavors of active neutrinos ν and/or RH neutrinos N . We first con-
sider the short-distance contribution induced by the four-fermion operators. The matrix elements
at the nucleus level for the scattering να(p1)N (k1) → νβ/Nβ(p2)N (k2) and ν¯α(p1)N (k1) →
ν¯β/N¯β(p2)N (k2) are
M(ναN → νβN ) = 1
2
CV,αβ∗Nν (uνγµPLuν)N¯γµN ,
−M(ν¯αN → ν¯βN ) = 1
2
CV,αβNν (vν¯PRγµvν¯)N¯γµN ,
M(ναN → NβN ) = 1
2
CS,αβ∗NνN (uNPLuν)N¯N + CT,αβ∗NνN (uNσµνPLuν)N¯σµνN ,
−M(ν¯αN → N¯βN ) = 1
2
CS,αβNνN(vν¯PRvN¯)N¯N + CT,αβNνN(vν¯PRσµνvN¯)N¯σµνN , (24)
where the spin-dependent terms are neglected as they are suppressed by O(E/mp/n) with respect
to spin-independent terms. One should note that the terms with tensor quark current have the
property σµνPL/R ⊗ σµνPL/R = σµνPL/R ⊗ σµν and thus do not lead to spin-dependent terms.
The matrix elements at the quark level are given in Appendix D as reference. In the above matrix
elements for nucleus “i”, the coefficients
CV,αβNν = Zi
[
2(CV,αβuν1 + C
V,αβ
uν2 ) + C
V,αβ
dν1 + C
V,αβ
dν2
]
Fp(Q
2)
+Ni
[
CV,αβuν1 + C
V,αβ
uν2 + 2(C
V,αβ
dν1 + C
V,αβ
dν2 )
]
Fn(Q
2) ,
CS,αβNνN =
∑
q=u,d,s
(CS,αβqνN1 + C
S,αβ
qνN2)
[
Zi
mp
mq
fpTqFp(Q
2) + Ni
mn
mq
fnTqFn(Q
2)
]
,
4 The relationship between the chiral LNEFT operator basis and NSIs is discussed in Appendix C 1.
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CT,αβNνN =
∑
q=u,d,s
CT,αβqνN
[
ZiδpqFp(Q2) + Niδnq Fn(Q2)
]
(25)
parameterize the vector, scalar and tensor contributions [12]. The number of neutrons and protons
for Caesium and Iodine are NCs = 77.9,ZCs = 55 and NI = 73.9,ZI = 53, respectively. We
assume the proton and neutron form factors are equal to the Helm form factor, i.e. Fp(Q2) =
Fn(Q
2) = F (Q2). The connections between various quark currents and the nucleon-level ones
can be found for instance in Refs. [24, 25]. fp/nTq and δ
p/n
q are the nucleon form factors for scalar
and tensor currents, respectively. For later numerical analysis, we take the following default values
from micrOMEGAs 5.2 [26, 27]
fpTu =0.0153 , f
p
Td
=0.0191 , f pTs =0.0447 ,
δpu =0.84 , δ
p
d =− 0.23 , δps =− 0.046 ,
fnTu =0.0110 , f
n
Td
=0.0273 , fnTs =0.0447 ,
δnu =− 0.23 , δnd =0.84 , δns =− 0.046 . (26)
Using the expressions for the matrix elements in Eq. (24) it is straightforward to compare them
with those in Refs. [9, 10] and relate the LNEFT Wilson coefficients to the ξ parameterization5.
We obtain the following constraints on the scalar and tensor coefficients
ξ2S
N2F 2
=
∑
β,i
∣∣∣ 1√
2GF
∑
q=u,d,s
(
CS,αβqνN1 + C
S,αβ
qνN2
)(Zi
Ni
mp
mq
fpTq +
mn
mq
fnTq
) ∣∣∣2 < 0.622 , (27)
ξ2T
N2F 2
= 8
∑
β,i
∣∣∣√2
GF
∑
q=u,d,s
CT,αβqνN
(
Zi
Ni
δpq + δ
n
q
) ∣∣∣2 < 0.5912 . (28)
These bounds apply for initial state neutrino flavor α = e or µ. The 90% CL bounds on the quark-
level vector Wilson coefficients can be read off from Fig. 12 in Ref. [23]. There is interference
between the NP contribution and the SM contribution for LNC vector operators with same-flavor
active neutrinos. The interference leads to the following constraints for the NP part of the Wilson
coefficient for neutrino flavors ee and µµ
CV,eeuν1,NP + C
V,ee
uν2,NP
2
√
2GF
∈ [−0.45, 0.065] ,
CV,eedν1,NP + C
V,ee
dν2,NP
2
√
2GF
∈ [−0.41, 0.060] ,
CV,µµuν1,NP + C
V,µµ
uν2,NP
2
√
2GF
∈ [−0.45,−0.34] ∪ [−0.049, 0.059] ,
CV,µµdν1,NP + C
V,µµ
dν2,NP
2
√
2GF
∈ [−0.41,−0.31] ∪ [−0.044, 0.054] . (29)
5 The relationship between the chiral LNEFT operator basis and the quark-level parameterization in Ref. [10] is given
in Appendix C 2
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Note that the allowed region for the operators CV,µµqν1(2),NP consists of two disjoint pieces. There is
no interference for the other LNC vector operators∣∣∣∣∣C
V,eµ
uν1,NP + C
V,eµ
uν2,NP
2
√
2GF
∣∣∣∣∣ < 0.13 ,
∣∣∣∣∣C
V,eµ
dν1,NP + C
V,eµ
dν2,NP
2
√
2GF
∣∣∣∣∣ < 0.11 , (30)∣∣∣∣∣C
V,eτ
uν1,NP + C
V,eτ
uν2,NP
2
√
2GF
∣∣∣∣∣ < 0.18 ,
∣∣∣∣∣C
V,eτ
dν1,NP + C
V,eτ
dν2,NP
2
√
2GF
∣∣∣∣∣ < 0.17 , (31)∣∣∣∣∣C
V,µτ
uν1,NP + C
V,µτ
uν2,NP
2
√
2GF
∣∣∣∣∣ < 0.16 ,
∣∣∣∣∣C
V,µτ
dν1,NP + C
V,µτ
dν2,NP
2
√
2GF
∣∣∣∣∣ < 0.15 , (32)
and thus their allowed regions are symmetric around zero. In the following numerical analysis,
we will use the weakest bounds for the Wilson coefficients with diagonal neutrino flavors ee and
µµ in Eq. (29) to obtain conservative constraints. Note that, if one adopts other bounds, a stronger
limit for the relevant Wilson coefficient and a larger corresponding NP scale will be obtained.
For the long-distance contribution induced by the dipole operator OνNF , the nucleon-level matrix
elements are
M(ναN → NβN ) = ieGF
q2
Aαβ∗MνNF (uNσµνPLuν)NγµtνN ,
−M(ν¯αN → N¯βN ) = ieGF
q2
AαβMνNF (vν¯PRσµνvN¯)NγµtνN , (33)
where the transferred 4-momentum is given by q = p1 − p2 = k2 − k1 and thus we find
A2MνNF = Z2
∑
β
∣∣∣∣ 2GF CαβνNF
∣∣∣∣2 F 2p (Q2) . (34)
The constraint is given in Ref. [13]
1
2
a2MνNF =
1
2
∑
β
∣∣∣ 2
GFv
CαβνNF
∣∣∣2 < 7.2× 10−8 . (35)
B. LNV case
For LNV operators with at least one active neutrino ν, the relevant Lagrangian is
LLNV ⊃
∑
ρ,σ
q=u,d,s
[
CS,ρσqν1 (qRqL)(ν
C
ρ νσ) + C
S,ρσ
qν2 (qLqR)(ν
C
ρ νσ) + C
T,ρσ
qν (qRσ
µνqL)(νCρ σµννσ)
+CV,ρσqνN1(qLγµqL)(ν
C
ρ γ
µNσ) + C
V,ρσ
qνN2(qRγµqR)(ν
C
ρ γ
µNσ) + C
ρσ
ννF (ν
C
ρ σµννσ)F
µν
]
+ h.c. ,(36)
It leads to the following matrix elements at the nucleus level
M(ναN → ν¯βN ) = CS,αβNν (vCν¯ PLuν)N¯N − 2CT,αβNν (vCν¯ σµνPLuν)N¯σµνN ,
M(ν¯αN → νβN ) = CS,αβ∗Nν (vν¯PRuCν )N¯N − 2CT,αβ∗Nν (vν¯PRσµνuCν )N¯σµνN ,
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M(ναN → N¯βN ) = −1
2
CV,αβNνN(v
C
N¯
γµPLuν)N¯γµN ,
M(ν¯αN → NβN ) = −1
2
CV,αβ∗NνN (vν¯γµPLu
C
N)N¯γµN , (37)
with
CV,αβNνN = Zi[2(C
V,αβ
uνN1 + C
V,αβ
uνN2) + (C
V,αβ
dνN1 + C
V,αβ
dνN2)]Fp(Q
2)
+ Ni[(CV,αβuνN1 + C
V,αβ
uνN2) + 2(C
V,αβ
dνN1 + C
V,αβ
dνN2)]Fn(Q
2) ,
CS,αβNν =
∑
q=u,d,s
(CS,αβqν1 + C
S,αβ
qν2 )
[
Zi
mp
mq
fpTqFp(Q
2) + Ni
mn
mq
fnTqFn(Q
2)
]
,
CT,αβNν =
∑
q=u,d,s
CT,αβqν [ZiδpqFp(Q2) + Niδnq Fn(Q2)] . (38)
The quark-level matrix elements in LNV case are also given in Appendix D.
For the scalar and tensor coefficients we again relate them to the ξ parameterization and get the
following constraints
ξ2S
N2F 2
=
∑
β,i
∣∣∣√2
GF
∑
q=u,d,s
(CS,αβqν1 + C
S,αβ
qν2 )(
Zi
Ni
mp
mq
fpTq +
mn
mq
fnTq)
∣∣∣2 < 0.622 , (39)
ξ2T
N2F 2
= 8
∑
β,i
∣∣∣2√2
GF
∑
q=u,d,s
CT,αβqν (
Zi
Ni
δpq + δ
n
q )
∣∣∣2 < 0.5912 , (40)
The above constraints apply for α = e, µ for initial neutrino flavors. The LNV vector currents lead
to RH neutrinos in scattering final states and such process has been studied in Ref. [13] through
fitting the COHERENT data for the νN → χN scattering. After comparing the amplitudes and
translating the bound developed in Ref. [13], we find the following constraint on the LNV vector
Wilson coefficients
1
2
∑
β
∣∣∣ 1√
2GF
(CV,αβqνN1 + C
V,αβ
qνN2)
∣∣∣2 < 1.1× 10−2 , (41)
where α = e, µ again and the factor of 1/2 accounts for the missing projection operator in the
cross section calculation of Ref. [13].
For the long-distance contribution with the dipole operator OννF , the matrix elements are
M(ναN → ν¯βN ) = −ieGF
q2
AαβMννF (v
C
ν¯ σµνPLuν)NγµtνN ,
M(ν¯αN → νβN ) = −ieGF
q2
Aαβ∗MννF (vν¯PRσµνu
C
ν )NγµtνN , (42)
with the transferred 4-momentum q = p1 − p2 = k2 − k1 and
A2MννF = Z2
∑
β
∣∣∣∣ 4GF CαβννF
∣∣∣∣2 F 2p (Q2) . (43)
The constraint is given in Ref. [13]
1
2
a2MννF =
1
2
∑
β
∣∣∣ 4
GFv
CαβννF
∣∣∣2 < 7.2× 10−8 . (44)
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Pseudoscalar meson Upper limit on BR Vector meson Upper limit on BR
pi → invisible 2.7× 10−7 ω(782)→ invisible 7.0× 10−5
η → invisible 1.0× 10−4 φ(1020)→ invisible 1.7× 10−4
η′(958)→ invisible 5.0× 10−4
TABLE II. Relevant constraints on the invisible decays of pseudoscalar mesons JPC = 0−+ and vector
mesons JPC = 1−− [28].
IV. MESON INVISIBLE DECAY
Next we consider the constraints on the LNEFT Wilson coefficients from meson invisible de-
cays as listed in Table II. For simplicity we focus on the case, where the mixing between LH and
RH neutrinos can be neglected (| sin θ|2 . 0.01).
A. Light pseudoscalar meson decays
For a pseudoscalar meson P , the transition matrix element to the vacuum state from the scalar,
vector, and tensor quark currents are zero. The only non-vanishing matrix elements are for pseudo-
scalar currents, axial-vector currents and the anomaly matrix elements. They can be parameterized
by the form factors f qP , h
q
P and aP [29, 30]
〈0|q¯γµγ5q|P (p)〉 =if qPpµ , 〈0|q¯γ5q|P (p)〉 =− i
hqP
2mq
, 〈0|αs
4pi
Ga,µνG˜
µν
a |P (p)〉 = aP , (45)
where G˜µν = 12µνρσG
ρσ and 0123 = 1 and the form factors satisfy h
q
P = m
2
Pf
q
P − aP . The form
factors for the mesons pi0, η, η′ can be expressed in terms of the input form factors fq = 1.07fpi,
fs = 1.34fpi, and fpi = 130.2 MeV [31]
fupi =− fdpi =
1√
2
fpi , f
s
pi =0 ; h
i
pi =m
2
pif
i
pi, i = u, d, s ,
fuη =f
d
η =
cφ√
2
fq , f
s
η =− sφfs ; huη =hdη =
cφ√
2
hq , h
s
η =− sφhs ,
fuη′ =f
d
η′ =
sφ√
2
fq , f
s
η′ =cφfs ; h
u
η′ =h
d
η′ =
sφ√
2
hq , h
s
η′ =cφhs , (46)
where sφ = sinφ and cφ = cosφ with φ = 39.3◦ being the mixing angle between flavor SU(3)
octet η8 and singlet η1. We assume isospin symmetry following the FKS scheme [32–34] for the
form factors of η and η′ and take the numerical values from Ref. [29] unless otherwise stated. The
pseudoscalar input form factor hq and hs can be expressed in terms of fq, fs and φ as follows
hq =fq(m
2
ηc
2
φ +m
2
η′s
2
φ)−
√
2fs(m
2
η′ −m2η)sφcφ ,
hs =fs(m
2
η′c
2
φ +m
2
ηs
2
φ)−
fq√
2
(m2η′ −m2η)sφcφ . (47)
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Given the definition of the above-listed form factors, we can write the branching ratio for the
invisible decay of a pseudoscalar meson to neutrinos as6
B(P → inv.) = τPmP
16pi
∑
α,β
{
2
∣∣∣∣mNf qP2 (CV,αβqN1 − CV,αβqN2 )
∣∣∣∣2(1− 4m2Nm2P
) 1
2
(48)
+ 2
∣∣∣∣ hqP4mq
(
CS,αβqνN1 − CS,αβqνN2
)∣∣∣∣2(1− m2Nm2P
)2
+
∣∣∣∣ hqP2mq
(
CS,αβqν1 − CS,αβqν2
)∣∣∣∣2
+
∣∣∣∣ hqP2mq
(
CS,αβqN1 − CS,αβqN2
)∣∣∣∣2(1− 2m2Nm2P
)(
1− 4m
2
N
m2P
) 1
2
+ 2
∣∣∣mNf qP (CV,αβqνN1 − CV,αβqνN2)∣∣∣2(1− m2Nm2P
)2}
,
where we implicitly sum over light quark flavors u, d, s. The contributions in the first two lines
describe LNC decays and the remaining lines LNV decays. In the SM, there is only a contribution
to the operatorsOVqν1(2), whose contribution to the decay is helicity suppressed and thus negligible
due to the tiny neutrino masses.
B. Light vector meson decays
The non-vanishing hadronic matrix element for an unflavored vector meson V with momentum
p and polarization vector µV can be parameterized as [30, 35]
〈0|q¯γµq|V (p)〉 =f qVmV µV , 〈0|q¯σµνq|V (p)〉 =ifT,qV (µV pν − νV pµ) . (49)
In particular the form factors for the vector mesons ω ∼ uu¯+dd¯√
2
and φ ∼ ss¯ are
fuω = f
d
ω =
1√
2
fω , f
s
ω =0 , f
T,u
ω = f
T,d
ω =
1√
2
fTω , f
T,s
ω =0 ,
fuφ = f
d
φ =0 , f
s
φ =fφ , f
T,u
φ = f
T,d
φ =0 , f
T,s
φ =f
T
φ , (50)
with fω = 187 MeV, fTω = 151 MeV [35], fφ = 233 MeV and f
T
φ = 177 MeV [36].
Using the definition of these form factors, it is straightforward to derive an expression for the
branching ratio of the vector meson invisible decay to neutrinos6
B(V → inv.) = τVm
3
V
48pi
∑
α,β
{
2
∣∣∣∣f qV2 (CV,αβqν1,NP + CV,αβqν2,NP)+ CVSMδαβ
∣∣∣∣2 (51)
+ 2
∣∣∣∣f qV2 (CV,αβqN1 + CV,αβqN2 )
∣∣∣∣2(1− m2Nm2V
)(
1− 4m
2
N
m2V
) 1
2
6 Calculational details are collected in Appendix E
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+ 8
∣∣∣∣fT,qV CT,αβqνN − eQq f qVmV CαβνNF
∣∣∣∣2(1 + m2Nm2V − 2m
4
N
m4V
)(
1− m
2
N
m2V
)
+ 16
∣∣∣∣fT,qV CT,αβqν − eQq f qVmV CαβννF
∣∣∣∣2
+ 16
∣∣∣∣fT,qV CT,αβqN − eQq f qVmV CαβNNF
∣∣∣∣2(1 + 2m2Nm2V
)(
1− 4m
2
N
m2V
) 1
2
+ 4
∣∣∣∣f qV2 (CV,αβqνN1 + CV,αβqνN2)
∣∣∣∣2(1− m2N2m2V − m
4
N
2m4V
)(
1− m
2
N
m2V
)}
,
where we implicitly sum over light quark flavors u, d, s. The first three lines describe LNC decays
and the latter three LNV decays. The dipole operators contribute to the vector meson invisible
decays through a photon propagator and a QED vertex. Here we have split the contribution from
the vector operators CVqν1(2) into the NP contribution and the SM part as
CVSM = −
g2Z
4m2Z
[(1
2
− 4
3
s2W
)
fuV −
(1
2
− 2
3
s2W
) (
fdV + f
s
V
) ]
, (52)
with
CωSM =
g2Zs
2
Wfω
6
√
2m2Z
, CφSM =
(1
2
− 2
3
s2W
)g2Zfφ
4m2Z
. (53)
The SM predictions for the vector meson invisible decays are
B(ω → inv.) ≈ 1.5× 10−13 , B(φ→ inv.) ≈ 3.4× 10−10, (54)
and consequently negligible compared with the current experimental upper limits listed in Table II.
Generally, the scalar-type and tensor-type LNEFT operators can only be constrained by pseu-
doscalar and vector meson invisible decays, respectively. For vector-type operators, both pseu-
doscalar and vector meson decays are sensitive to LNC OVqN1(2) and LNV OVqνN1(2). The LNC
operators OVqν1(2) and all dipole operators only contribute to vector meson decay.
V. NUMERICAL RESULTS
In this section we present the numerical constraints on the Wilson coefficients of LNEFT and
SMNEFT from the CEνNS process and meson invisible decays. We assume that one operator
dominates at a time. We first show the upper bounds on the LNEFT Wilson coefficients from
meson invisible decays as a function ofmN in Figs. 1 and 2. The different colored lines correspond
to different mesons: pi0 (purple), η (red), η′ (orange), ω (dark green) and φ (blue).
Fig. 1 shows the constraints for the dipole operators. Solid (dashed) [dotted] lines correspond to
the Wilson coefficients CαβνNF (C
αβ
NNF ) [C
αβ
ννF ]. The constraints on C
αβ
NNF are cutoff for smaller RH
neutrino masses compared to the ones for CαβνNF due to the smaller phase space with two massive
RH neutrinos in the final state.
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FIG. 1. The upper bounds on the LNEFT Wilson coefficients of dipole operators from meson invisible
decays as a function of the RH neutrino mass mN .
In Fig. 2, solid (dashed) [dot-dashed] lines indicate vector (scalar) [tensor] Wilson coefficients.
The horizontal dotted lines show the bounds on the Wilson coefficients without RH neutrino field
for completeness. For CS,αβqν1(2) and C
S,αβ
qN1(2) with symmetric neutrino flavors in the LNV case, which
are shown in the bottom, we show the components with different flavors (α 6= β). The bounds
on the Wilson coefficients with identical flavors (α = β) are enhanced by a factor of
√
2 with
respect to those with α 6= β. One can see that, from pseudoscalar meson decay, the upper limits
on the CVqN1(2) in LNC case and the C
V
qνN1(2) in LNV case both scale as ∼ 1/mN and are thus
less stringent than the constraints from vector meson decay in the small mN limit. The bounds on
other coefficients turn out to be a constant if the decay is kinematically allowed.
Next, Tables III and IV show the constraints on the Wilson coefficients of LNEFT from the
CEνNS process and meson invisible decays in the limit of massless RH neutrinos. The neutrino
flavors α, β are arbitrary unless they are specified for CV,αβqν1(2) or taken to be α = e, µ in CEνNS
process. In the LNV case, for the scalar-type operators with symmetric neutrino flavors, the num-
bers outside and inside the square bracket in Table IV indicate the case with different neutrino
flavors α 6= β and identical flavors α = β, respectively. The gray cell displays the strongest
constraint for each Wilson coefficient. One can see that the vector meson decays provide the sole
bound on the particular flavor components CV,ττu(d)ν1(2) and C
V,αβ
sν1(2) in the LNC case and C
V,αβ
sνN1(2) in
the LNV case. The coefficients without active neutrino degree of freedom, such as CV,αβqN1(2) in the
LNC case and CαβNNF , C
S,αβ
qN1(2), C
T,αβ
qN in the LNV case, can only be constrained by meson decays.
The CEνNS process places the most stringent bound on all remaining Wilson coefficients with
α = e, µ. The remaining WCs with α = τ can not be constrained by CEνNS and we highlight
the strongest constraints by meson decays in light gray. In the last columns of Tables III and IV,
we also show the effective scale derived from the strongest constraint for each Wilson coefficient.
The effective scales shown in parentheses correspond to the WCs in light gray for α = τ .
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FIG. 2. Upper bounds on the LNEFT Wilson coefficients of dim-6 neutrino-quark operators from meson
invisible decays as a function of mN for LNC (LNV) operators on the left (right). The top (middle) [bot-
tom] row show WCs for up (down) [strange] quarks. For the LNV WCs CS,αβqν1(2), C
S,αβ
qN1(2) we display the
components with α 6= β. The bounds for the corresponding WCs with α = β are stronger by a factor√2.
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LNEFT WC CEνNS pi0 → inv. η → inv. η′ → inv. ω → inv. φ→ inv. ΛLNEFT = |Ci|
1
4−d
[GeV4−d] α = e or µ 2.7× 10−7 1.0× 10−4 5.0× 10−4 7.0× 10−5 1.7× 10−4 [GeV]
CV,eeuν1(2),NP 1.5× 10−5 - - - 1.5× 10−1 - 260
CV,eµuν1(2),NP 4.3× 10−6 - - - 1.5× 10−1 - 480
CV,eτuν1(2),NP 5.9× 10−6 - - - 1.5× 10−1 - 410
CV,µµuν1(2),NP 1.5× 10−5 - - - 1.5× 10−1 - 260
CV,µτuν1(2),NP 5.3× 10−6 - - - 1.5× 10−1 - 440
CV,ττuν1(2),NP - - - - 1.5× 10−1 - 2.6
CV,eedν1(2),NP 1.4× 10−5 - - - 1.5× 10−1 - 270
CV,eµdν1(2),NP 3.6× 10−6 - - - 1.5× 10−1 - 520
CV,eτdν1(2),NP 5.6× 10−6 - - - 1.5× 10−1 - 420
CV,µµdν1(2),NP 1.4× 10−5 - - - 1.5× 10−1 - 270
CV,µτdν1(2),NP 5.0× 10−6 - - - 1.5× 10−1 - 450
CV,ττdν1(2),NP - - - - 1.5× 10−1 - 2.6
CV,αβsν1(2),NP - - - - - 6.2× 10−2 4.0
CV,αβuN1(2) - - - - 1.5× 10−1 - 2.6
CV,αβdN1(2) - - - - 1.5× 10−1 - 2.6
CV,αβsN1(2) - - - - - 6.2× 10−2 4.0
CαβνNF 5.4× 10−7 - - - 2.8× 10−1 1.6× 10−1 1.9× 106 (1.9)
CS,αβuνN1(2) 7.6× 10−7 3.2× 10−6 7.3× 10−4 1.9× 10−2 - - 1100 (560)
CS,αβdνN1(2) 8.8× 10−7 6.9× 10−6 1.6× 10−3 4.0× 10−2 - - 1100 (380)
CS,αβsνN1(2) 9.4× 10−6 - 5.2× 10−4 8.9× 10−3 - - 330 (44)
CT,αβuνN 3.3× 10−6 - - - 4.5× 10−2 - 550 (4.7)
CT,αβdνN 1.8× 10−6 - - - 4.5× 10−2 - 750 (4.7)
CT,αβsνN 1.5× 10−5 - - - - 4.1× 10−2 250 (4.9)
TABLE III. Constraints on the Wilson coefficients of the LNC operators in the LNEFT. The neutrino flavors
for the vector type operators CVu(d)ν1(2) are displayed explicitly. For CEνNS the initial neutrino flavor is
α = e, µ. In other cases the neutrino flavors α, β are arbitrary. The gray cell displays the strongest constraint
for each WC. In the last column we also show the effective scale derived from the strongest constraint for
each WC. Note that in the last sector, the gray and light gray cells are for α = e, µ and α = τ flavors
respectively. For the α = τ case, the effective scale is shown in parentheses (. . . ) in the last column.
We then include the one-loop QCD/QED running result for the LNEFT Wilson coefficients
from the chiral symmetry breaking scale to the electroweak scale scale and match them to SM-
NEFT at the electroweak scale in order to constrain new physics using the matching condi-
tions from Table I. In Table V we display the constraints on the Wilson coefficients Ci(ΛEW)
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LNEFT WC CEνNS pi0 → inv. η → inv. η′ → inv. ω → inv. φ→ inv. ΛLNEFT = |Ci|
1
4−d
[GeV4−d] α = e or µ 2.7× 10−7 1.0× 10−4 5.0× 10−4 7.0× 10−5 1.7× 10−4 [GeV]
CαβννF 2.7× 10−7 - - - 1.4× 10−1 7.8× 10−2 3.7× 106
CS,αβuν1(2) 3.8× 10−7 1.6[2.3]× 10−6 3.7[5.2]× 10−4 9.3[13 ]× 10−3 - - 1600 (660)
CS,αβdν1(2) 4.4× 10−7 3.5[4.9]× 10−6 7.9[11 ]× 10−4 2.0[2.8]× 10−2 - - 1500 (450)
CS,αβsν1(2) 4.7× 10−6 - 2.6[3.7]× 10−4 4.4[6.3]× 10−3 - - 460 (52)
CT,αβuν 1.7× 10−6 - - - 2.3× 10−2 - 780
CT,αβdν 0.9× 10−6 - - - 2.3× 10−2 - 1100
CT,αβsν 7.7× 10−6 - - - - 1.0× 10−2 360
CαβNNF - - - - 1.4× 10−1 7.8× 10−2 13
CS,αβuN1(2) - 1.6[2.3]× 10−6 3.7[5.2]× 10−4 9.3[13 ]× 10−3 - - 790[660]
CS,αβdN1(2) - 3.5[4.9]× 10−6 7.9[11 ]× 10−4 2.0[2.8]× 10−2 - - 540[450]
CS,αβsN1(2) - - 2.6[3.7]× 10−4 4.4[6.3]× 10−3 - - 62[52]
CT,αβuN - - - - 2.3× 10−2 - 6.6
CT,αβdN - - - - 2.3× 10−2 - 6.6
CT,αβsN - - - - - 1.0× 10−2 10
CV,αβuνN1(2) 2.4× 10−6 - - - 1.0× 10−1 - 650 (3.2)
CV,αβdνN1(2) 2.4× 10−6 - - - 1.0× 10−1 - 650 (3.2)
CV,αβsνN1(2) - - - - - 4.4× 10−2 4.8
TABLE IV. Constraints on the Wilson coefficients of the LNV operators in the LNEFT. For the scalar
type operators, the numbers outside [inside] the square bracket indicate the case with the neutrino flavors
α 6= β[α = β]. Note that the Wilson coefficients CS,ττqν1(2) in the first sector and CV,τβqνN1(2) in the last sector
can not be constrained by CEνNS. The strongest constraints on them are from the meson decays marked by
the light gray cells, and the corresponding effective scale is shown in parentheses (. . . ).
associated with the relevant dim-6 and dim-7 SMNEFT operators from the strongest limits of
the corresponding LNEFT WCs in the gray sectors of Tables III and IV. By further assuming
ΛNP ≡ |Ci(ΛEW)|1/(4−d) with d being the SMNEFT operator dimension, the constraints on the
Wilson coefficients are also converted into the limits on the NP scale in units of the SM Higgs vev.
The most stringent bounds on the NP scale are
Λdim−6NP =
(
CαβNB + C
αβ
NW
)− 1
2 > 41 v (α = e, µ) , (55)
Λdim−7NP =
(
2CαβLHB + C
βα
LHW − CαβLHW
)− 1
3 > 11 v (α, β = e, µ, τ) , (56)
from the corresponding dipole operators in LNEFT and
Λdim−6NP =
(
C11βαQuNL
)−1/2
> 6.0 v (α = e, µ) , (57)
Λdim−6NP =
(
C11βαQuNL
)−1/2
> 2.9 v (α = τ) , (58)
Λdim−7NP =
(
C11αβ
Q¯uLLH
+ C11βα
Q¯uLLH
)−1/3
> 2.9 v (α = e, µ) , (59)
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dim-6 SMNEFT WC [v−2] ΛNP ≡ |Ci|−
1
2 [v] dim-6 SMNEFT WC [v−2] ΛNP ≡ |Ci|−
1
2 [v]
C
(1),ee11
lq + C
(3),ee11
lq , C
ee11
lu 0.90 1.1 C
(1),ee11
lq − C(3),ee11lq , Cee11ld 0.82 1.1
C
(1),eµ11
lq + C
(3),eµ11
lq , C
eµ11
lu 0.26 2.0 C
(1),eµ11
lq − C(3),eµ11lq , Ceµ11ld 0.22 2.1
C
(1),eτ11
lq + C
(3),eτ11
lq , C
eτ11
lu 0.36 1.7 C
(1),eτ11
lq − C(3),eτ11lq , Ceτ11ld 0.34 1.7
C
(1),µµ11
lq + C
(3),µµ11
lq , C
µµ11
lu 0.90 1.1 C
(1),µµ11
lq − C(3),µµ11lq , Cµµ11ld 0.82 1.1
C
(1),µτ11
lq + C
(3),µτ11
lq , C
µτ11
lu 0.32 1.8 C
(1),µτ11
lq − C(3),µτ11lq , Cµτ11ld 0.30 1.8
CαβNB + C
αβ
NW , α = e, µ 6.0× 10−4 41
Cαβ11LNQd − 12Cα11βLdQN , α = e, µ 3.2× 10−2 5.6 Cτβ11LNQd − 12Cτ11βLdQN 0.25 2.0
Cαβ22LNQd − 12Cα22βLdQN , α = e, µ 0.34 1.7 Cτβ22LNQd − 12Cτ22βLdQN 19 0.23
C11βαQuNL, α = e, µ 2.8× 10−2 6.0 C11βτQuNL 0.12 2.9
Cα11βLdQN , α = e, µ 0.13 2.8 C
α22β
LdQN , α = e, µ 1.1 1.0
dim-7 SMNEFT WC [v−3] ΛNP ≡ |Ci|−
1
3 [v] dim-7 SMNEFT WC [v−3] ΛNP ≡ |Ci|−
1
3 [v]
2CαβLHB + C
βα
LHW − CαβLHW 8.5× 10−4 11
C1α1β
d¯LQLH1
+ C1β1α
d¯LQLH1
, α = e, µ 0.09 2.2 C1τ1τ
d¯LQLH1
0.51 1.3
C2α2β
d¯LQLH1
+ C2β2α
d¯LQLH1
, α = e, µ 0.97 1.0 C2τ2τ
d¯LQLH1
38 0.3
C11αβ
Q¯uLLH
+ C11βα
Q¯uLLH
, α = e, µ 0.04 2.9 C11ττ
Q¯uLLH
0.12 2.0
C1α1β
d¯LQLH1
− C1β1α
d¯LQLH1
1.5 0.88 C2α2β
d¯LQLH1
− C2β2α
d¯LQLH1
13 0.43
C1αβ1QNuH + C
1βα1
QNuH 0.33[0.48] 1.5[1.3] C
1αβ1
QNdH + C
1βα1
QNdH 0.72[1.0] 1.1[1.0]
C11αβuQNH 0.08[0.12] 2.3 [2.0] C
11αβ
dQNH 0.18[0.25] 1.8[1.6]
C11βαQNLH1, α = e, µ 0.21 1.7 C
11βα
QNLH1 − C11βαQNLH2, α = e, µ 0.21 1.7
C11βαuNLH , α = e, µ 0.21 1.7 C
11βα
dNLH , α = e, µ 0.21 1.7
TABLE V. Constraints on the Wilson coefficients of the relevant dim-6 and dim-7 SMNEFT from the
strongest limits for the corresponding LNEFT WCs in the gray sector of Table III and Table IV, where
v ' 246 GeV is SM Higgs vacuum expectation value. For the dim-7 scalar type operators, the numbers
outside [inside] the square bracket indicate the case with the neutrino flavors α 6= β[α = β].
Λdim−7NP =
(
C11αβ
Q¯uLLH
)−1/3
> 2.0 v (α = β = τ) , (60)
from neutrino-quark operators in LNEFT.
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VI. CONCLUSIONS
We investigate the complementarity of the CEνNS process and meson invisible decay in con-
straining generic neutrino interactions with RH neutrinos in effective field theories. The inter-
actions between quarks and left-handed SM neutrinos and/or right-handed neutrinos are first de-
scribed by the LNEFT between the electroweak scale and the chiral symmetry breaking scale. We
complete the independent operator basis for the LNEFT up to dim-6 by including both the LNC
and LNV operators. We translate the bounds on the LNEFT Wilson coefficients from the COHER-
ENT observation and calculate the branching fractions of light meson invisible decays. Finally, we
include the one-loop QCD/QED running for the LNEFT Wilson coefficients from chiral symmetry
breaking scale to the electroweak scale. The bounds on the LNEFT Wilson coefficients are then
matched up to the SMNEFT to constrain new physics above the electroweak scale.
We summarize our main conclusions in the following
• In the LNC case, the vector meson invisible decays provide the sole but weak constraint on
CV,ττqν1(2),NP, C
V,αβ
sν1(2) and C
V,αβ
qN1(2). The LNEFT cutoff scale is 2 − 4 GeV. CEνNS places the
most stringent bound on the other vector LNEFT operators as well as CαβνNF , C
S,αβ
qνN1(2) and
CT,αβqνN with α = e, µ. The WCs C
τβ
νNF , C
S,τβ
qνN1(2) and C
T,τβ
qνN can only be constrained by meson
decay.
• In the LNV case, the meson invisible decays provide the sole constraint on CαβNNF , C
S,αβ
qN1(2),
CT,αβqN and C
V,αβ
sνN1(2). CEνNS gives the most stringent constraint on C
αβ
ννF , C
T,αβ
qν and the
components with α = e, µ in CS,αβqν1(2) and C
V,αβ
u(d)νN1(2). The WCs C
S,τβ
qν1(2) and C
V,τβ
u(d)νN1(2) can
only be constrained by meson decay.
• The most stringent bounds on the NP scale in SMNEFT are
Λdim−6NP =
(
CαβNB + C
αβ
NW
)− 1
2 > 41 v ' 10 TeV (α = e, µ) ,
Λdim−7NP =
(
2CαβLHB + C
βα
LHW − CαβLHW
)− 1
3 > 11 v ' 2.7 TeV (α, β = e, µ, τ) ,
from the corresponding dipole operators in LNEFT and
Λdim−6NP =
(
C11βαQuNL
)−1/2
> 6.0 v ' 1.5 TeV (α = e, µ) ,
Λdim−6NP =
(
C11βαQuNL
)−1/2
> 2.9 v ' 0.7 TeV (α = τ) ,
Λdim−7NP =
(
C11αβ
Q¯uLLH
+ C11βα
Q¯uLLH
)−1/3
> 2.9 v ' 0.7 TeV (α = e, µ) ,
Λdim−7NP =
(
C11αβ
Q¯uLLH
)−1/3
> 2.0 v ' 0.5 TeV (α = β = τ) ,
from neutrino-quark operators in LNEFT.
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Appendix A: The complete operator basis involving RH neutrinos N in the LNEFT
In this section we construct the complete and independent operator basis for the LNEFT involv-
ing RH neutrinos N up to dim-6. We work in the chiral basis and collectively denote the left- and
right-handed down-type quarks as dL and dR, the up-type quarks as uL and uR, charged leptons as
eL and eR, and the SM left-handed neutrino fields as ν and the RH neutrinos as N , respectively.
We drop the flavor indices for all of these fields for simplicity. For a fermion field ψ, its charge
conjugation is defined via ψC = Cψ¯T where the matrix C satisfies the relations CT = C† = −C
and C2 = −1. Except the up-type quarks with the total flavors nu = 2, the remaining charged
fermions have nf = 3 flavors. We consider an arbitrary number nf of N flavors.
At dim-5, it is easy to figure out that there are two independent non-hermitian operators
ONNF = (NCσµνN)F µν , OνNF = (νσµνN)F µν . (A1)
The full list of independent LNEFT operators with at least one RH neutrino N at dim-6 is listed in
Tables VI and VII, where in the third and sixth columns in each table we also show the independent
number of operators with flavors being considered. All those operators are classified in terms of
the net number of the SM global baryon and lepton quantum numbers. An independent subset of
lepton and baryon number conserving operators in LNEFT is given in Ref. [4].
Appendix B: The SMNEFT operator basis at dim-6 and dim-7
Besides the SMEFT operators at dim-6 [5] and dim-7 [6, 7], the SMNEFT also includes addi-
tional operators involving RH SM singlet fermions N . These operators with RH neutrino N are
classified in Ref. [8] and repeated in Table VIII at dim-6 and Table IX at dim-7. For the dim-7
operators, by using the Fierz transformations here, we have rearranged some of the four-fermion
operators given in Ref. [8] to have clear flavor symmetry and quark-lepton current structure. In
addition, for the operators involving gauge field strength tensors, we accompany a corresponding
gauge coupling constant for each involved field strength tensor. Besides the operator basis involv-
ing RH neutrinos N in Table VIII and Table IX, in our matching calculation we also need the
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Operator Specific form #(nf , nu) Operator Specific form #(nf , nu)
(∆L,∆B) = (0, 0)
(LL)(RR) (RR)(RR)
OVeN1(??)(H) (eLγµeL)(NγµN) n4f OVeN2(??)(H) (eRγµeR)(NγµN) n4f
OVdN1(??)(H) (dLγµdL)(NγµN) n4f OVdN2(??)(H) (dRγµdR)(NγµN) n4f
OVuN1(??)(H) (uLγµuL)(NγµN) n2fn2u OVuN2(??)(H) (uRγµuR)(NγµN) n2fn2u
OVudeN1(?) (uLγµdL)(eRγµN) n3fnu OVudeN2(?) (uRγµdR)(eRγµN) n3fnu
OVνN (??)(H) (νγµν)(NγµN) n4f OVN (? ? ??)(H) (NγµN)(NγµN) 14n2f (nf + 1)2
(LR)(LR) (RL)(LR)
OSeνN1(?) (eLeR)(νN) n4f OSeνN2(?) (eReL)(νN) n4f
OTeνN (?) (eLσµνeR)(νσµνN) n4f
OSdνN1(?) (dLdR)(νN) n4f OSdνN2(?) (dRdL)(νN) n4f
OTdνN (?) (dLσµνdR)(νσµνN) n4f
OSuνN1(?) (uLuR)(νN) n2fn2u OSuνN2(?) (uRuL)(νN) n2fn2u
OTuνN (?) (uLσµνuR)(νσµνN) n2fn2u
OSudeN1(?) (uLdR)(eLN) n3fnu OSudeN2(?) (uRdL)(eLN) n3fnu
OTudeN (?) (uLσµνdR)(eLσµνN) n3fnu
OSνNνN (??) (νN)(νN) 12n2f (n2f + 1)
(∆L,∆B) = (2, 0)
(LL)(RR) (RR)(RR)
OVeνN1(?) (eLγµeL)(νCγµN) n4f OVeνN2(?) (eRγµeR)(νCγµN) n4f
OVdνN1(?) (dLγµdL)(νCγµN) n4f OVdνN2(?) (dRγµdR)(νCγµN) n4f
OVuνN1(?) (uLγµuL)(νCγµN) n2fn2u OVuνN2(?) (uRγµuR)(νCγµN) n2fn2u
OVdueN1(?) (dLγµuL)(eCLγµN) n3fnu OVdueN2(?) (dRγµuR)(eCLγµN) n3fnu
OVννN (?) (νγµν)(νCγµN) 12n3f (nf + 1) OVNνN (? ? ?) (NγµN)(νCγµN) 12n3f (nf + 1)
TABLE VI. Dim-6 operator basis involving RH neutrinosN in LNEFT. Here all operators are non-hermitian
expect those with a (H) in the first sector. The number of ? after each operator indicates the number of the
RH neutrinos involved in the same operator.
following relevant SMEFT dim-6 operators
O(1)lq =(LγµL)(QγµQ) , O(3)lq =(Lγµτ IL)(Qγµτ IQ) ,
Olu =(LγµL)(uγµu) , Old =(LγµL)(dγµd) , (B1)
and also dim-7 operators
OLHB =g1ijmn(LCiσµνLm)HjHnBµν , Od¯LQLH1 =ijmn(d¯Li)(QCjLm)Hn ,
OLHW =g2ij(τ I)mn(LCiσµνLm)HjHnW Iµν , OQ¯uLLH =ij(Q¯u)(LCLi)Hj , (B2)
where g1,2 are the gauge coupling constants for the gauge groups U(1)Y and SU(2)L, respectively.
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Operator Specific form #(nf , nu) Operator Specific form #(nf , nu)
(LR)(LR) (RL)(LR)
OSeN1(??) (eLeR)(NCN) 12n3f (nf + 1) OSeN2(??) (eReL)(NCN) 12n3f (nf + 1)
OTeN (??) (eLσµνeR)(NCσµνN) 12n3f (nf − 1)
OSdN1(??) (dLdR)(NCN) 12n3f (nf + 1) OSdN2(??) (dRdL)(NCN) 12n3f (nf + 1)
OTdN (??) (dLσµνdR)(NCσµνN) 12n3f (nf − 1)
OSuN1(??) (uLuR)(NCN) 12n2unf (nf + 1) OSuN2(??) (uRuL)(NCN) 12nf (nf + 1)n2u
OTuN (??) (uLσµνuR)(NCσµνN) 12n2unf (nf − 1)
OSdueN1(?) (dLuR)(eCRN) n3fnu OSdueN2(?) (dRuL)(eCRN) n3fnu
OTdueN (?) (dLσµνuR)(eCRσµνN) n3fnu (RL)(RL)
OSνNN (? ? ?) (νN)(NCN) 13n2f (n2f − 1) OSNνν(?) (Nν)(νCν) 13n2f (n2f − 1)
(∆L,∆B) = (4, 0)
(LR)(LR) (RL)(LR)
OSN (? ? ??) (NCN)(NCN) 112n2f (n2f − 1) OSνN (??) (νCν)(NCN) 14n2f (nf + 1)2
(∆L,∆B) = (1, − 1)
(RR)(RR) (LR)(LR)
OVdduN1(?) (dRγµdCL )(uRγµN) n3fnu OSuddN1(?) (uLdCL )(dLN) n3fnu
(RL)(LR)
OSdduN1(?) (dRdCR)(uLN) 12n2f (nf − 1)nu
(∆L,∆B) = (1, 1)
(LL)(RR) (LR)(LR)
OVdduN2(?) (dCRγµdL)(uCLγµN) n3fnu OVuddN2(?) (uCRdR)(dCRN) n3fnu
(RL)(LR)
OSdduN2(?) (dCLdL)(uCRN) 12n2f (nf − 1)nu
Total # = 2331|L=0B=0 + 2304|L=2B=0 + 84|L=4B=0 + 252|L=1B=−1 + 252|L=2B=1 = 5223, (nf , nu) = (3, 2)
TABLE VII. Continuation of Tab. VI.
Appendix C: Relations to other operator bases
In this appendix we briefly summarize how our operator basis relates to other bases used in
papers which we refer to in the main part of the text.
1. Non-Standard Interactions
A commonly used operator basis are non-standard interactions (NSIs) [37–39] (Recent progress
on NSI can be seen in Ref. [40] and the references therein.), which describe the interactions of ac-
tive neutrinos at low energies. In particular, neutral-current interactions with quarks are described
by
LNSI = −
√
2GF ε
qV
αβ(ν¯αγ
µPLνβ)q¯γµq , (C1)
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ψ2H3(+h.c.) (LR)(LR)(+h.c.) (LL)(RR)
OLNH (LN)H˜(H†H) OLNLe (LN)(Le) OLN (LγµL)(NγµN)
ψ2H2D(+h.c.) OLNQd (LN)(Qd)) OQN (QγµQ)(NγµN)
OHN (H) (NγµN)(H†i←→DµH) OLdQN (Ld)(QN) (∆L,∆B) = (4, 0)
OHNe (Nγµe)(H˜†iDµH) (RR)(RR) ONNNN (NCN)(NCN)
ψ2HX(+h.c.) ONN (NγµN)(NγµN) (∆L,∆B) = (1, 1)
ONB g1(LσµνN)H˜Bµν OeN (eγµe)(NγµN) OQQdN ijαβσ(Qi,Cα Qjβ)(dCσN)
ONW g2(LσµνN)τIH˜W Iµν OuN (uγµu)(NγµN) OuddN αβσ(uCα dβ)(dCσN)
(LR)(RL)(+h.c.) OdN (dγµd)(NγµN)
OQuNL (Qu)(NL) OduNe(+h.c.) (dγµu)(Nγµe)
TABLE VIII. The basis of dim-6 operators involving RH neutrino N in SMNEFT [7], where α, β, σ and
i, j are SU(3)C and SU(2)L indices, respectively.
NψH3D Nψ3D N2ψ2H
ONL1 ij(NCγµLi)(iDµHj)(H†H) OeNLLD ij(eγµN)(Li,C i←→D µLj) OLNeH (LN)(NCe)H
ONL2 ij(NCγµLi)Hj(H†i←→DµH) OduNeD (dγµu)(NC i←→D µe) OeLNH H†(eL)(NCN)
NψH2D2 OQuNLD (Qi←→D µu)(NCγµL) OQNdH (QN)(NCd)H
ONeD ij(NC←→D µe)(HiDµHj) OdQNLD ij(di←→D µQi)(NCγµLj) OdQNH H†(dQ)(NCN)
NψH2X N2ψ2D OQNuH (QN)(NCu)H˜
ONeW g2(τI)ij(NCσµνe)(HiHj)W Iµν OLND (LγµL)(NC i
←→
∂ µN) OuQNH H˜†(uQ)(NCN)
NψHDX OQND (QγµQ)(NC i←→∂ µN) N3ψH
ONLB1 g1ij(NCγµLi)(DνHj)Bµν OeND (eγµe)(NC i←→∂ µN) OLNNH (LN)(NCN)H˜
ONLB2 g1ij(NCγµLi)(DνHj)B˜µν OuND (uγµu)(NC i←→∂ µN) ONLNH H˜†(NL)(NCN)
ONLW1 g2(τI)ij(NCγµLi)(DνHj)W Iµν OdND (dγµd)(NC i
←→
∂ µN) /B : Nψ3D & Nψ3H
ONLW2 g2(τI)ij(NCγµLi)(DνHj)W˜ Iµν N4D OuNdD αβσ(uαγµN)(dβi
←→
D µdCσ )
N2H4 ONND (NγµN)(NC i←→∂ µN) OdNQD ijαβσ(dαγµN)(Qiβi
←→
D µQCjσ)
ONH (NCN)(H†H)2 Nψ3H OQNdH ijαβσ(QiαN)(dβdCσ )H˜j
N2H2D2 OLNLH ij(LγµL)(NCγµLi)Hj OQNQH ijαβσ(QiαN)(QjβQCσ )H
ONHD1 (NC←→∂ µN)(H†←→DµH) OQNLH1 ij(QγµQ)(NCγµLi)Hj OQNudH αβσ(QαN)(uβdCσ )H
ONHD2 (NCN)(DµH)†DµH OQNLH2 ij(QγµQi)(NCγµLj)H N2X2
N2H2X OeNLH ij(eγµe)(NCγµLi)Hj ONB1 α1(NCN)BµνBµν
ONHB g1(NCσµνN)(H†H)Bµν OdNLH ij(dγµd)(NCγµLi)Hj ONB2 α1(NCN)BµνB˜µν
ONHW g2(NCσµνN)(H†τIH)W Iµν OuNLH ij(uγµu)(NCγµLi)Hj ONW1 α2(NCN)W IµνW Iµν
OduNLH ij(dγµu)(NCγµLi)H˜j ONW2 α2(NCN)W IµνW˜ Iµν
OdQNeH ij(dQi)(NCe)Hj ONG1 α3(NCN)GAµνGAµν
OQuNeH1 (Qu)(NCe)H ONG2 α3(NCN)GAµνG˜Aµν
OQuNeH2 (Qσµνu)(NCσµνe)H
TABLE IX. The basis of dim-7 operators involving RH neutrino N in SMNEFT, where all of the operators
are non-hermitian with the net global quantum number |∆L−∆B| = 2. Here g1,2,3 are the gauge coupling
constants for the gauge groups U(1)Y , SU(2)L, SU(3)C , respectively, and αi = g2i /(4pi).
with εqVαβ = ε
qV ∗
βα . The ε parameterization is related to the NP contribution to the vector Wilson
coefficients in our operator basis via
−
√
2GF 
qV
αβ =
1
2
(
CV,αβqν1,NP + C
V,αβ
qν2,NP
)
, (C2)
and to the ξV parameter in Eq. (19) via
ξ2V = 4[(g
p
V + 2ε
uV
αα + ε
dV
αα)ZFp(Q2) + (gnV + εuVαα + 2εdVαα)NFn(Q2)]2
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+ 4
∑
β 6=α |(2εuVβα + εdVβα)ZFp(Q2) + (εuVβα + 2εdVβα)NFn(Q2)|2 , (C3)
with the SM couplings being
gpV =
1
2
− 2 sin2 θW , gnV = −
1
2
.
2. CD parameterization
For the vector Wilson coefficients in LNV case, the relation to the quark-level CqV parameter in
Ref. [13] is
Cq∗V −Dq∗A = −
1√
2GF
(
CV,αβqνN1 + C
V,αβ
qνN2
)
. (C4)
For the scalar and tensor Wilson coefficients, we have the following relations to the quark-level
parameters in Ref. [10]
CqS + iD
q
P =
1√
2GF
(
CS,αβ∗qνN1 + C
S,αβ∗
qνN2
)
, CqT − iDqT =
√
2
GF
CT,αβ∗qνN , (C5)
in the LNC case and
CqS + iD
q
P =
√
2
GF
(
CS,αβqν1 + C
S,αβ
qν2
)
, CqT − iDqT = −
2
√
2
GF
CT,αβqν , (C6)
in the LNV case.
Appendix D: The quark-level matrix elements of neutrino scattering
In the LNC case, the quark-level amplitudes for the scattering να(p1)q(k1)→ νβ/Nβ(p2)q(k2)
and ν¯α(p1)q(k1)→ ν¯β/N¯β(p2)q(k2) is given by
M(ναq → νβq) = 1
2
(CV,βαqν1 + C
V,βα
qν2 )(uνγµPLuν)(qγ
µq) + SD ,
−M(ν¯αq → ν¯βq) = 1
2
(CV,αβqν1 + C
V,αβ
qν2 )(vν¯PRγµvν¯)(qγ
µq) + SD ,
M(ναq → Nβq) = 1
2
(CS,αβ∗qνN1 + C
S,αβ∗
qνN2 )(uNPLuν)(qq) + C
T,αβ∗
qνN (uNσµνPLuν)(qσ
µνq)
+ i
2eQq
q2
Cαβ∗νNF (uNσµνPLuν)(qγ
µtνq) + SD ,
−M(ν¯αq → N¯βq) = 1
2
(CS,αβqνN1 + C
S,αβ
qνN2)(vν¯PRvN¯)(qq) + C
T,αβ
qνN (vν¯PRσµνvN¯)(qσ
µνq)
+ i
2eQq
q2
CαβνNF (vν¯PRσµνvN¯)(qγ
µtνq) + SD , (D1)
where SD stands for spin-dependent terms and the exchanged 4-momentum q = p1−p2 = k2−k1.
26
In the LNV case, the quark-level amplitudes for the scattering να(p1)q(k1)→ ν¯β/N¯β(p2)q(k2)
and ν¯α(p1)q(k1)→ νβ/Nβ(p2)q(k2) are
M(ναq → ν¯βq) = (CS,αβqν1 + CS,αβqν2 )(vCν¯ PLuν)(qq)− 2CT,αβqν (vCν¯ σµνPLuν)(qσµνq)
− i4eQq
q2
CαβννF (v
C
ν¯ σµνPLuν)(qγ
µtνq) + SD ,
M(ν¯αq → νβq) = (CS,αβ∗qν1 + CS,αβ∗qν2 )(vν¯PRuCν )(qq)− 2CT,αβ∗qν (vν¯PRσµνuCν )(qσµνq)
− i4eQq
q2
Cαβ∗ννF (vν¯PRσµνu
C
ν )(qγ
µtνq) + SD ,
M(ναq → N¯βq) = −1
2
(CV,αβqνN1 + C
V,αβ
qνN2)(v
C
N¯
γµPLuν)(qγ
µq) + SD ,
M(ν¯αq → Nβq) = −1
2
(CV,αβ∗qνN1 + C
V,αβ∗
qνN2 )(vν¯γµPLu
C
N)(qγ
µq) + SD . (D2)
Appendix E: The matrix elements of meson invisible decays
For the quark-level process of qq¯ → inv1(k1)inv2(k2), the LNC amplitudes are
M(qq¯ → ναν¯β) =
(
CV,αβqν1 qγµPLq + C
V,αβ
qν2 qγµPRq
)
uνγ
µPLvν¯ ,
M(qq¯ → NαN¯β) =
(
CV,αβqN1 qγµPLq + C
V,αβ
qN2 qγµPRq
)
uNγ
µPRvN¯ ,
M(qq¯ → ναN¯β) =
(
CS,αβqνN1qPRq + C
S,αβ
qνN2qPLq
)
uνPRvN¯
+
(
CT,αβqνN qσµνPRq − i2eQqCαβνNF
(k1 + k2)ν
(k1 + k2)2
qγµq
)
uνσ
µνPRvN¯ ,
M(qq¯ → ν¯αNβ) =
(
CS,αβ∗qνN1 qPLq + C
S,αβ∗
qνN2 qPRq
)
uNPLvν¯
+
(
CT,αβ∗qνN qσµνPLq − i2eQqCαβ∗νNF
(k1 + k2)ν
(k1 + k2)2
qγµq
)
uNσ
µνPLvν¯ , (E1)
The LNV amplitudes with ∆L = −2 are
M(qq¯ → ν¯αν¯β) = 2
(
CS,αβqν1 qPLq + C
S,αβ
qν2 qPRq
)
vCν¯ PLvν¯′
+ 2
(
CT,αβqν qσµνPLq − i2eQqCαβννF
(k1 + k2)ν
(k1 + k2)2
qγµq
)
vCν¯ σ
µνPLvν¯′ ,
M(qq¯ → N¯αN¯β) = 2
(
CS,αβqN1 qPLq + C
S,αβ
qN2 qPRq
)
vC
N¯
PRvN¯ ′
+ 2
(
CT,αβqN qσµνPRq − i2eQqCαβNNF
(k1 + k2)ν
(k1 + k2)2
qγµq
)
vC
N¯
σµνPRvN¯ ′ ,
M(qq¯ → ν¯αN¯β) = −
(
CV,αβqνN1qγµPLq + C
V,αβ
qνN2qγµPRq
)
vC
N¯
γµPLvν¯ , (E2)
where vν¯(vN¯) and vν¯′(vN¯ ′) are the spinors of anti-neutrinos ν¯α(N¯α) and ν¯β(N¯β), respectively. The
amplitudes with ∆L = 2 are
M(qq¯ → νανβ) = 2
(
CS,αβ∗qν1 qPRq + C
S,αβ∗
qν2 qPLq
)
uνPRu
C
ν′
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+ 2
(
CT,αβ∗qν qσµνPRq − i2eQqCαβ∗ννF
(k1 + k2)ν
(k1 + k2)2
qγµq
)
uνσ
µνPRu
C
ν′ ,
M(qq¯ → NαNβ) = 2
(
CS,αβ∗qN1 qPRq + C
S,αβ∗
qN2 qPLq
)
uNPLu
C
N ′
+ 2
(
CT,αβ∗qN qσµνPLq − i2eQqCαβ∗NNF
(k1 + k2)ν
(k1 + k2)2
qγµq
)
uNσ
µνPLu
C
N ′ ,
M(qq¯ → ναNβ) = −
(
CV,αβ∗qνN1 qγµPLq + C
V,αβ∗
qνN2 qγµPRq
)
uνγ
µPLu
C
N , (E3)
where uν¯(uN¯) and uν¯′(uN¯ ′) are the spinors of neutrinos να(Nα) and νβ(Nβ), respectively. We list
the individual matrix elements for pseudoscalar invisible decays to neutrinos
−M(P → ναν¯β) = i
2
f qP
(
CV,αβqν1 − CV,αβqν2
)
uν/pPLvν¯ = 0 ,
−M(P → NαN¯β) = i
2
f qP
(
CV,αβqN1 − CV,αβqN2
)
uN/pPRvN¯ ,
−M(P → ναN¯β) =i h
q
P
4mq
(
CS,αβqνN1 − CS,αβqνN2
)
uνPRvN¯ ,
M(P → ν¯αNβ) =i h
q
P
4mq
(
CS,αβ∗qνN1 − CS,αβ∗qνN2
)
uNPLvν¯ ,
M(P → ν¯αν¯β) =i h
q
P
2mq
(
CS,αβqν1 − CS,αβqν2
)
vCν¯ PLvν¯′ ,
−M(P → νανβ) =i h
q
P
2mq
(
CS,αβ∗qν1 − CS,αβ∗qν2
)
uνPRu
C
ν′ ,
M(P → N¯αN¯β) =i h
q
P
2mq
(
CS,αβqN1 − CS,αβqN2
)
vC
N¯
PRvN¯ ′ ,
−M(P → NαNβ) =i h
q
P
2mq
(
CS,αβ∗qN1 − CS,αβ∗qN2
)
uNPLu
C
N ′ ,
M(P → ν¯αN¯β) =if qP
(
CV,αβqνN1 − CV,αβqνN2
)
vC
N¯/pPLvν¯ ,
M(P → ναNβ) =if qP
(
CV,αβ∗qνN1 − CV,αβ∗qνN2
)
uν/pPLu
C
N , (E4)
where in each amplitude the quark label q is summed over the first three light quarks (u, d, s)
implicitly and uν¯(uN¯) and uν¯′(uN¯ ′) are the spinors of neutrinos να(Nα) and νβ(Nβ), respectively.
By evaluating the squared matrix elements, we find the following results for the vector and scalar
currents
|u1/pPL/Ru2|2 = m2P
[
m21 +m
2
2 −
(m21 −m22)2
m2P
]
, |u1PL/Ru2|2 = m2P
[
1− m
2
1 +m
2
2
m2P
]
. (E5)
One can see that the above relation holds for any projection operator and it is true for either
particles or antiparticles in the final states. It also applies for neutrino bilinears with charge-
conjugate fields, since u(p, s) = Cv¯(p, s)T and v(p, s) = Cu¯(p, s)T . Taking all this together, we
obtain the branching ratio in Eq. (48).
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Similarly the decay matrix elements of vector meson V are given by
M(V → ναν¯β) =mV f
q
V
2
(
CV,αβqν1 + C
V,αβ
qν2
)
uνγµPLvν¯
µ
V ,
M(V → NαN¯β) =mV f
q
V
2
(
CV,αβqN1 + C
V,αβ
qN2
)
uNγµPRvN¯
µ
V ,
M(V → ναN¯β) =i2
(
fT,qV C
T,αβ
qνN − eQq
f qV
mV
CαβνNF
)
uνσ
µνPRvN¯
µ
V p
ν ,
M(V → ν¯αNβ) =i2
(
fT,qV C
T,αβ∗
qνN − eQq
f qV
mV
Cαβ∗νNF
)
uNσµνPLvν¯
µ
V p
ν ,
M(V → ν¯αν¯β) =i4
(
fT,qV C
T,αβ
qν − eQq
f qV
mV
CαβννF
)
vCν¯ σµνPLvν¯′
µ
V p
ν ,
M(V → N¯αN¯β) =i4
(
fT,qV C
T,αβ
qN − eQq
f qV
mV
CαβNNF
)
vC
N¯
σµνPRvN¯ ′
µ
V p
ν ,
−M(V → ν¯αN¯β) =mV f
q
V
2
(
CV,αβqνN1 + C
V,αβ
qνN2
)
vC
N¯
γµPLvν¯
µ
V ,
M(V → νανβ) =i4
(
fT,qV C
T,αβ∗
qν − eQq
f qV
mV
Cαβ∗ννF
)
uνσµνPRu
C
ν′
µ
V p
ν ,
M(V → NαNβ) =i4
(
fT,qV C
T,αβ∗
qN − eQq
f qV
mV
Cαβ∗NNF
)
uNσµνPLu
C
N ′
µ
V p
ν ,
−M(V → ναNβ) =mV f
q
V
2
(
CV,αβ∗qνN1 + C
V,αβ∗
qνN2
)
uνγµPLu
C
N
µ
V , (E6)
where we again sum over quark flavor q = u, d, s implicitly. By evaluating the squared matrix
elements, we find the following results for the vector and tensors currents
1
3
∑
pol
∣∣u¯1γµPL/Ru2µV ∣∣2 =23m2V
[
1− m
2
1 +m
2
2
2m2V
− (m
2
1 −m22)2
2m4V
]
,
1
3
∑
pol
∣∣u¯1σµνPL/Ru2µV pν∣∣2 =13m4V
[
1 +
m21 +m
2
2
m2V
− 2(m
2
1 −m22)2
m4V
]
, (E7)
after averaging over the initial polarizations of the vector meson V . Combining the above results,
we obtain the branching ratio given in the main part of the text in Eq. (51).
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